ABSTRACT Cape-ivy (Delairea odorata Lemaire) is an ornamental vine native to South Africa that has escaped into natural areas in coastal California and Oregon, displacing native vegetation. Surveys in South Africa led to the discovery of the leaf-and stem-mining moth Digitivalva delaireae Gaedike and Kruger (Lepidoptera: Glyphipterigidae: Acrolepiinae) as one of several common and damaging native herbivores on Cape-ivy. In greenhouse studies, adult female life span averaged 16 d (46 d maximum). Most (72%) mated females began laying eggs within 72 h of emergence. Females had an average lifetime fecundity of 52 eggs, with >70% laid on leaf laminae, and 89% of eggs were laid by the 15th day postemergence. Lifetime fertility (adult production) averaged three to four offspring per female. At 25 C, egg hatch required 10 d, pupal formation 26 d, and adult emergence 41 d, while under variable greenhouse and laboratory conditions development to adult required 54-60 d. In four-way choice tests, involving 100 plant species other than Cape-ivy, including 11 genera and 37 species in the Asteraceae, subtribe Senecioninae from both native and invaded ranges, D. delaireae inflicted damage and produced pupae only on Cape-ivy. Leaf mining damage occurred on 30% of leaves of native Senecio hydrophilus in no-choice tests and on 2% of leaves in dual-choice tests, but no pupation occurred. If approved for field release in the continental United States, the moth D. delaireae is expected to produce multiple generations per year on Cape-ivy, and to pose little risk of damage to native plants.
Introduction
Nonnative invasive plants can have substantial negative effects on ecosystems, including resource-critical riparian areas that are prone to disturbance and provide habitat for species-rich plant and animal communities (Seavy et al. 2009; Gaffney 2010, Soykan et al. 2012) , and heterogeneous coastal areas (Grosholz 2002) . Effects may be measured in terms of exclusion of native plant species (Vilá et al 2011) , reduction or alteration of water and other natural resources essential to plant and animal survival and valuable to humans, or both (van Wilgen and Moran 2007; Dean and Schmidt 2011) . Biological control may be the only feasible approach for long-term management of nonnative weeds that have invaded large, biodiverse, and resource-critical natural areas (Van Dreische et al 2010) .
Cape-ivy (Delairea odorata Lemaire) (Asteraceae: Senecioneae), also known as German ivy and (formerly) as Senecio mikanioides, is a perennial vine native to South Africa (Hilliard 1977, Arnold and de Wet 1993) . Introduced as an ornamental, Cape-ivy has become a significant invasive weed in coastal California, southern Oregon, and upland Hawaii in the United States, as well as in Argentina, Spain, Portugal, Italy, Australia, and New Zealand (Haselwood and Motter 1983 , Webb et al. 1988 , Jacobi and Warschauer 1992 , de la TorreFernández and Alvarez-Arbesú 1999 , Robison and DiTomaso 2010 , CAB International 2012 . In California, Cape-ivy is invasive in at least 15 different coastal habitat types, including riparian floodplains, scrub and nonconiferous forest, and agricultural and urban areas (Alvarez 1999, Robison and DiTomaso 2010) , spreading in shaded riparian zones up to 80 km inland (Robison et al. 2011) . Although most spread is vegetative, Capeivy produces viable seed in California (Bossard 2000; Balciunas 2001) , with flowering occurring in fall or winter, and peak stem growth in late winter and spring (Alvarez and Cushman 2002) . Dense mats of Cape-ivy smother other vegetation, reducing native plant diversity and abundance Cushman 2002, Robison and DiTomaso 2010) . Chemical and physical control methods are available (DiTomaso et al. 2013) but expensive (Alvarez 1998) , and are often not feasible in remote, steep coastal canyons.
Several efficacious biological control agents targeting invasive vines have been released in the United States (Lake et al. 2011) , South Africa (King et al. 2003) , and Australia (Palmer et al. 2010) . A U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS) biological control project targeting Cape-ivy, in cooperation with the South African Agricultural Research Council-Plant Protection Research Institute (ARC-PPRI), involved a survey of >60 sites in South Africa. More than 200 herbivorous insects were collected (Grobbelaar et al. 2003) . Repeated, seasonal visits identified two candidate agents. One of these was the shoot tip-galling fly Parafreutreta regalis Munro (Diptera: Tephritidae) (Balciunas and Smith 2006 . The other was the leaf-and stem-boring moth Digitivalva delaireae Gaedike and Krü ger (Lepidoptera: Glyphipterigidae: Acrolepiinae) (Gaedike and Krü ger 2002) . Young larvae mine leaf laminae and then tunnel through petioles and into stems, then pupate on the soil surface. The host ranges of congeneric moths (14 species examined in taxonomic reports (Gaedike 1997) ) are limited to a maximum of three or four plant species, with 12 species oligophagous within the Asteraceae family, suggesting that D. delaireae should also be oligophagous. Quarantine efficacy tests (A.M.R. and C.N.M., unpublished) demonstrated reductions in shoot growth and biomass due to larval moth feeding. Detailed biological information about candidate agents is essential for the regulatory processes associated with biological weed control releases (U.S. Department of Agriculture-Animal and Plant Health Inspection Service-Technical Advisory Group [USDA-APHIS-TAG 2003], Balciunas and Coombs 2004 , Briese 2005 , Sheppard et al. 2005 ) along with efficacy evaluations (Sheppard 2003 , Balciunas 2004 . This article reports the life cycle of D. delaireae on Cape-ivy and the results of host range testing of 100 other plant species. A major focus of laboratory tests and field surveys by the ARC-PPRI in South Africa was on co-occurring, native, closely related species in the family Asteraceae that are not found in North America, to define the fundamental host range of D. delaireae (Balciunas and Coombs 2004) ; that is, the number and taxonomic breadth of plants on which the moth can feed, irrespective of whether it can complete development. Quarantine tests performed by the USDA-ARS in California focused on close relatives of Cape-ivy that are native to California and Oregon or present as nonnative crops, ornamentals, or weeds. Two additional foci consisted of plants that have been reported as hosts for other Digitivalva species, and plants outside the Asteraceae that occur in Cape-ivy habitats and share some of its morphological features.
Materials and Methods
Source of Insects. The moth D. delaireae is in the lepidopteran superfamily Yponomeutoidea, family Glyphipterigidae, subfamily Acrolepiinae (Sohn et al. 2013 ; formerly family Acrolepiidae). The subfamily Acrolepiinae has six native North American species in two genera (Landry 2007) . The genus Digitivalva includes two species native to North or South America (Gaedike 1997 ) of 44 total known species (Landry 2007 , Gaedike 2011 . D. delaireae is in the Digitivalva subgenus, and can be distinguished from the one native American species, Digitivalva clarkei Gaedike (found in South Carolina, Alabama, and Mississippi) in the subgenus Inuliphila, by the shape of the processes on the male valvae (Gaedike 1997, Gaedike and Kruger 2002 Source of Plants and Propagation. Plants used for rearing D. delaireae and for life cycle and host range tests by the USDA-ARS were propagated from Cape-ivy collected as cuttings from the mouth of Garrapata Creek in Garrapata State Park, 15 km south of Carmel, CA, or Rocky Creek, 20 km south of Carmel. Host range tests by the ARC-PPRI in Pretoria used Cape-ivy propagated from collections at several sites in KwaZulu-Natal. Cape-ivy has two morphological types: stipulate, characterized by two opposite, flattened, ear-like stipules at each node; and exstipulate, lacking these appendages. In South Africa, nearly all populations are stipulate (Robison and DiTomaso 2010). Only the stipulate type is found in Hawaii and Australia (J.K.B., unpublished data). The invasive coastal range in California and Oregon contains both types, with exstipulate plants dominating northern and southern extremes, while stipulate or mixed populations are found between Mendocino County and Los Angeles (Robison and DiTomaso 2010) . All moth rearing, life cycle, and host range tests involved stipulate plants. In separate studies, there were no substantial differences in numbers of leaves damaged by larvae or offspring produced on stipulate and exstipulate plants (A.M.R. and C.N.M., unpublished) .
Plants were propagated using 7-to 10-cm cuttings planted in peat-based soil (Supersoil, Rod McClellan Soil Co., Marysville, OH) in 12-cm-diameter pots. The soil contained 0.14% N as 0.01% ammonium, 0.01% urea, 0.02% nitrate, and 0.10% insoluble N, 0.02% potash (P 2 O 5 ), and 0.02% potassium (K 2 O). Pots were ) delivered through a hose-mounted distribution device (Gilmour Manufacturing, Somerset, PA) two weeks after planting, at a rate of 250 ml per pot. Plants were maintained in a nonquarantine greenhouse with ambient lighting (daylength 11.5-14.75 h) and temperature from 11-36 C. Cape-ivy plants were used for rearing and host range studies 4-5 wk after planting, when main stems were 25-40 cm long and plants had 20-30 leaves.
Insect Rearing. Rearing, life cycle, and host range tests at the USDA-ARS in Albany, CA, used a quarantine greenhouse with a plastic roof that reduced ambient light by 50%. Temperature varied between 15-30 C. Light was supplemented to maintain 14-h daylength from 0600 to 2000 hours daily during the winter months with four 200-watt incandescent bulbs 1.5 m above the bench. Lights were turned off between 1000 and 1400 hours on sunny winter days to avoid greenhouse overheating. Plants were watered every 2-3 d. D. delaireae was reared by exposing newly emerged moths to plants in 35-cm-long by 35-cm-wide by 40-cm-maximum height cages painted white, with slanted glass tops (four plants per cage). The wooden sides and back were vented with 12-cm-diameter holes covered with 0.5-mm mesh plastic screening. Some cages were twice this size (70 cm long). The front of the cage consisted of a hinged door with two 12-cm-diameter circular access holes lined with cotton sleeve material. Adults were added over a 2-to 4-week period to a total density of 2-5 females per plant (sex ratio, /:?, 1:1 to 1:2). Pupae were collected 5 wk after first adult addition and were maintained in the laboratory at 20-25 C on moist vermiculite in glass jars covered with nylon mesh for ventilation and sealed with a rubber band. Adults were collected over a 4-wk period from each cohort of pupae. Colonies produced five to six generations per year.
Life Cycle Tests. Constant Temperature Conditions. Four groups of five plants were exposed to 10-15 female-male pairs for 24 h in colony rearing cages in the quarantine greenhouse. Plant groups were then placed in a growth chamber (25 C, a photoperiod of 14:10 [L:D] h, and ambient humidity supplemented with a pan of water in the chamber). Each plant was caged individually in a clear plastic cylinder, 14.5 cm diameter and 26 cm tall, inserted into soil at the bottom and sealed at the top with white muslin screening. The number of leaf mines was counted daily for the first 18 d to determine time to egg hatch (total 77 mines counted). Individual larval mines overlapped after this time. Plants, soil, and pot surfaces were checked daily for pupae beginning 30 d after adult exposure to determine larval development time. Pupae were held in 500-ml-volume cylindrical cardboard containers with plastic lids at 25 C and were checked daily for adult eclosion to determine pupal development time and total immature development time.
Variable Temperature Conditions. In greenhouse tests, one newly emerged (within 1-2 h) female and two male D. delaireae moths were exposed to one Cape-ivy cutting (13-18 cm, 5-6 leaves) in clear plastic cylinders. The base of the cylinder contained moistened florist's foam, into which the Cape-ivy cutting was inserted. A 1:1 solution of water:Mountain Dew (PepsiCo, Purchase, NY) was provided as a sugar source. Moths were recaptured and cuttings examined for eggs daily (except weekends) to determine time interval between adult eclosion and first oviposition and tissue preference (lamina, petiole, or stem) for oviposition. Each cylinder received a new cutting and moths were re-caged. Transfers continued daily until the female died, ending that test. Counts of eggs found on all cuttings exposed to each female were used to determine daily and total fecundity (egg production). A total of 32 cages were monitored, and adult life span was determined for 15 females for which time of death was determined within 24 h. Female fertility (pupal and adult offspring produced) was estimated separately from colony production yields under greenhouse conditions. These tests involved two to five adults per plant released over a 2-to 4-wk period.
Data Analysis-Life Cycle Tests. Daily egg production data were averaged across unobserved days by dividing the next egg count equally across these days. Data on number of days after adult female eclosion on which eggs were first and last observed were used to determine expected first and last oviposition times using survival analysis (PROC LIFETEST) in SAS (version 9.2) with Kaplan-Meier product-limit probability estimates. This method has been used to determine timing of life history events other than death (Moran and Goolsby 2009 , 2014 . Lifetime adult fecundity per female was determined by summing daily egg counts for each of 32 females confined individually. Female fertility was determined from colony production data by dividing pupal and adult offspring collected by number of parent females, averaged across nine colony cages. Expected times from oviposition to egg hatch (larval eclosion, determined by time from adult infestation to appearance of mines), to pupal formation (larval development time), and to immature development completion time at 25 C were determined using survival analysis of the cohort of 77 larvae or mines counted.
Host Range Tests. Test Plant Selection. The phylogenetic centrifugal method (Wapshere 1989 ) with modern adaptations to focus on both phylogenetically related and ecologically similar (related or unrelated) plants (Briese 2005 , Sheppard et al. 2005 ) was used to select host plants for testing. This method has a well-supported safety record (Pemberton 2000 , van Wilgen et al. 2013 . Other factors contributing to the selection of test plant species included USDA-APHIS permitting requirements (USDA-APHIS-TAG 2003), nativity in the continental U.S. (CONUS), co-occurrence with Cape-ivy or in nearby habitats in California and Oregon, crop or ornamental value (both native and introduced species), similarity of growth form (important for selection of plants outside the Asteraceae), and availability. For tests conducted in South Africa, relatedness and co-occurrence with Cape-ivy were the primary selection factors. A total of 100 plant species other than Cape-ivy were tested, 38 at the ARC-PPRI in Pretoria, and 64 at the USDA-ARS in Albany (two species were tested in both the locations; Table 1 (Baldwin et al. 2012) , while nomenclature for South African plants follows Arnold and de Wet (1993) . Recent updates, including the movement of some species out of Senecio to other genera, follow Pelser et al. (2010) and Langel et al. (2011) .
Cape-ivy was formerly known as Senecio mikanioides Otto (Robison and DiTomaso 2010) . The genus Senecio 'sensu lato' has about 1250 members, but is not monophyletic, and has been delimited by removal of monophyletic groups (Bremer 1994 , Pelser et al. 2010 ), leading to recognition of new or revived genera (Trock and Barkley 1998, Barkley 1999) . Jeffrey (1986 Jeffrey ( , 1992 renamed Cape-ivy as the only member of the genus Delairea and argued that the genera Mikaniopsis, Cissampelopsis, and Austrosynotis (none of which occur in CONUS; Mikaniopsis occurs in South Africa) contained its closest relatives. Recent botanical treatments have accepted the name D. odorata (Bremer 1994 , Barkley 1999 , Baldwin et al. 2012 , USDA-NRCS 2013 in tribe Senecioneae, subtribe Senecioninae.
The tribe Senecioneae is the largest in Asteraceae, with about 3,100 species in 155 genera (Bremer 1994; Pelser et al. 2007 Pelser et al. , 2010 . Selection of plants for testing within the tribe relied on morphologically based phylogenetics (Jeffrey 1992 , Bremer 1994 , Barkley 1999 . In recent phylogenetic analyses of nuclear and chloroplast DNA, D. odorata is included in a small "gynuroid" clade with Curio rowleyanus (H. Jacobsen) P. V. Heath (closest branch, share divergence point), and representatives of the genera Gynura, Senecio, Kleinia, and Solanecio (Pelser et al. 2010) . The genus Erechtites is positioned close to the gynuroids in the chloroplast but not nuclear DNA topology. Members of the large genera Senecio, Packera, and others are found throughout the topology of the subtribe. As putative closest relatives, we tested C. rowleyanus and Curio talinoides (Augustin Pyramus de Candolle, DC.), P.V. Heath var mandraliscae (Tineo) P.V. Heath (formerly Senecio mandraliscae (Tineo) H. Jacobsen, also known as Kleinia mandraliscae), both of which are native to South Africa and present as ornamental plants in CONUS; Erechtites glomerata (Desfontaines ex Poiret) DC. invasive cutleaf fireweed in the western United States (although this genus includes members native to the eastern United States (USDA-NRCS 2013)); and Gynura aurantiaca (Blume) DC, native to Indonesia and naturalized in Florida. Within the subtribe Senecioninae, we tested 19 other South African species, including three Cineraria spp., one of which, Cineraria saxifraga DC., is present in CONUS outside of the invasive range of Cape-ivy; three Euryops spp. that are present in CONUS outside of the invasive range; Mikaniopsis cissampelina C. Jeffrey; and 12 members of the genus Senecio. Fifteen of the total of 23 tested South African subtribe Senecioninae species do not occur in CONUS. We tested 10 species in this subtribe that are native to CONUS, including five Packera spp. and five Senecio spp. (nine of 10 occur in Cape-ivy habitats). We also tested four species, other than E. glomerata and G. aurantiaca, which are native to areas other than South Africa and present as nonnative ornamental plants or weeds in CONUS, including Jacobaea vulgaris Gaertner (formerly Senecio jacobaea L.), invasive tansy ragwort, a species positioned close to the gynuroid clade in chloroplast though not nuclear DNA analyses (Pelser et al. 2010 ) in a genus considered to be a "sister" to Packera (Pelser et al 2002) ; Pericallis hybrida (Regel) B. Nordenstam, an African ornamental hybrid present only in California in the CONUS area; Pseudogynoxys chenopodioides Kunth, present along the U.S. west coast; and Senecio vulgaris L., invasive grounsel. We also tested representatives of five genera in the subtribe Tussilagininae within the tribe Senecioneae, and all five are native to CONUS, four co-occurring with Cape-ivy (Table 1) .
Test plant selection within tribe Senecioneae involved special consideration of species listed as rare, threatened, or endangered at the U.S. federal, California or Oregon state, or native plant society level. The genera Packera and Senecio are diverse, with 22 Packera species in California (Baldwin et al. 2012 ) and 67 in CONUS (USDA-NRCS 2013), and 33 Senecio in California and 85 in CONUS. Among the five Packera species tested was Packera ganderi (Barkley & Beauchamp) W.A. Weber & A. Lö ve, listed by California as rare, and found outside of Cape-ivy habitat in southern California mountain chaparral. Senecio ertterae T. M. Barkley, found in arid eastern Oregon, is listed by the Oregon Biodiversity Information Center (2010) as threatened. We tested Senecio flaccidus Lessing in the same subclade as S. ertterae (Barkley 1999) . Congeneric surrogates of members of the genera Blennosperma (which includes Blennosperma bakeri Heiser, Federally endangered, and Blennosperma nanum S.F. Blake var robustum J.T. Howell, Californialisted as rare) and Luina (subtribe Tussilagininae) (Luina serpentina Cronquist is listed by Oregon Biodiversity Information Center) were also included ( Table 1) .
The >23,000 species in Asteraceae are organized into 17 well-accepted tribes (Bremer 1994 , Judd et al. 2002 , 15 of which are present in CONUS. We tested 36 species (Table 1) representing the 14 extant tribes other than Senecioneae, including 14 species native to CONUS and occurring in Cape-ivy habitats, three other CONUS natives, 15 nonnative species present as ornamentals or crops or invasive weeds (13 co-occurring with Cape-ivy), and four plants used as nonnative ornamentals in South Africa and not found in CONUS.
Consideration was made of the host ranges of congeneric moths. Of 14 Digitivalva species for which sufficient records are available, 12 complete their life cycle on only one to three hosts in the Family Asteraceae (Gaedike 1997) . One species, Digitivalva kaysi Gaedike, found in Afghanistan and northwestern As a precaution, we tested six Solanaceae species, all in the genus Solanum, including S. lycopersicum L., S. melongena L., S. tuberosum L., S. jasminoides Paxton, S. dulcamara L., and S. umbelliferum Eschscholtz. All except S. dulcamara and S. jasminoides occur in Cape-ivy habitats or in close proximity as crops in California.
To examine non-asteraceous plants with a vining habit, high potential to co-occur with Cape-ivy, or both, we tested 13 species representing nine families and nine orders (Table 1) , 12 of which occur with Cape-ivy in California. One of the families (Campanulaceae) falls in the subclass Asteridae (along with Asteraceae, Lamiaceae, and Solanaceae). Two nonnative ornamentals, Campanula medium L. and Lobelia erinus L. (from South Africa), were tested from this family. Other species included Beta vulgaris ssp. cicla (L.) (Amaranthaceae) and Brassica oleracea L. (Brassicaceae). The list also included the invasive weed Lepidium latifolium L., perennial pepperweed (Brassicaceae). Test species found in coastal California and Oregon with a vine or vine-like growth habit included the nonnative, ornamental but also invasive English ivy (Hedera helix L.) and Algerian ivy (H. helix ssp. canariensis) (Willdenow) A.X.P. Countinho (Cout.) (Araliaceae), and several natives, including Aristolochia californica Torrey (Aristolochiaceae); Marah fabaceus (Naudin) Naudin ex Greene (Cucurbitaceae); Clematis lingusticifolia Nuttall (Ranunculaceae); Fragaria chiloensis (L.) P. Miller, (Rosaceae); and Vitis californica Bentham (Vitaceae).
Host Range Testing Method. Tests were performed from January 2001 through August 2011 in the greenhouse of the USDA-ARS Exotic and Invasive Weeds Research Unit quarantine laboratory in Albany, CA, and in the laboratories of the Weeds Program, ARC-PPRI, Pretoria, South Africa. When possible, young plants were collected from the field and used in tests. Other species were propagated from field-collected or purchased seed. Ornamental and food crop species were obtained as potted plants or as seed from commercial sources and the resulting seedlings tested. Species with a phenology involving rosette growth followed by bolting and flowering were tested when they had mature rosettes and immature bolts. Vining species were tested as vegetative growth, typically lacking flowers.
The 100 test plant species were evaluated using a multi-choice or host added test design similar to that used for the P. regalis stem-galling fly . Four individually potted (15 cm diameter, 1.9-liter volume) test plant species other than Cape-ivy were used in each test. Plants were placed in the corners of a metal screen cage (122 by 91.5 by 91.5 cm 3 at the USDA-ARS in Albany, 0.6 m 3 cage in ARC-PPRI in Pretoria). The cages were located inside a quarantine greenhouse maintained as for moth rearing in Albany tests, and in a greenhouse under less-controlled temperature and lighting conditions in Pretoria. Four female-male pairs of moths, 0-7 d old, were released into the cage and fed with a 1:1 water: Mountain Dew solution (in Albany) or a honey and yeast solution (in Pretoria) delivered via a cotton wick inserted through the cut lid of a 25-ml plastic vial. On the fourth day of the test, a Cape-ivy plant (positive control) was placed in the center of the cage. In tests done in Albany, after 7-10 additional days the test was ended and any remaining live adults recovered. In tests conducted in Pretoria, adults were removed three days after adding the Cape-ivy plant to the cage. In both locations, all plants were removed 60 d after adult release, dissected for signs of damage by D. delaireae, and larvae and pupae collected. Plants were not checked for eggs, as unhatched eggs desiccated and fell off Cape-ivy foliage within 60 d of oviposition. Only tests in which the Cape-ivy positive control plant was damaged and produced pupae are included in the totals for tests per plant species (Table 1 ). All but two of the 100 test plant species were tested at least five times among a total of 146 "successful" tests (89 in Albany and 57 in Pretoria) involving damage and development to the pupal stage on Cape-ivy (Table 1) . Leaf mines failed to form on Cape-ivy in 99 tests in Albany and 13 tests in Pretoria that were discarded from the analysis.
No-choice tests were conducted with C. rowleyanus and C. talinoides, representing close South African relatives; J. vulgaris, an exotic weed in North America positioned close to the Cape-ivy-containing gynuroid clade in Senecioninae phylogeny (Pelser et al. 2010) ; and Senecio hydrophilus Nutt., Packera breweri (BurttDavy) W. A. Weber & A. Löve, and Packera clevelandii (Greene) W.A. Weber & A. Lö ve as three representative native species occurring in Cape-ivy habitats in California. Ten newly emerged female and male moths were released for their entire life span on plants containing 25-75 leaves in rosettes (except P. breweri which had flowering bolts with leaves) in the 35-cm-long wooden cages used for rearing, with liquid food provided as above. Numbers of leaves with mines were determined after 30 days in these tests, as 75-100% of leaves on the Cape-ivy controls were mined by that time and plants were collapsing due to stem-boring. Four no-choice tests were run per species. Four follow-up dual-choice tests were conducted with S. hydrophilus and Cape-ivy in cages similar to those used for the four-way choice tests, using 10 males and females and examining plants for leaf mines after 30d. In all of the no-choice and dual-choice tests, plants were held for 60 d total and examined for pupal production.
Results
Life Cycle. Adult males and females (Fig. 1A and  B) are similar in appearance. Females lay eggs on Cape-ivy leaves and stems. Neonate larvae create mines in leaf laminae (Fig 1C) , then burrow through petioles and stems as later instars. Penultimate instar larvae emerge from stems ( Fig. 1D) and pupate near the surface in litter or soil. One generation of damage noticeably reduces plant size (Fig 1E) . Under quarantine greenhouse conditions in Albany, when confined individually on Cape-ivy cuttings, adult female life span (mean 6 SE) was 16.2 6 1.8 d (range 5-46 d; n ¼ 15 females for which time of death was determined within 24 h). Average daily egg production was highest in 3-d-old females (mean 6 SE; 9.0 6 2.5 eggs, n ¼ 32; Fig. 2A ), but females produced two or more eggs per day throughout the first two weeks and all but one remained productive throughout their life span ( Fig. 2A) . Individual females laid up to 67 eggs per day. Most (72%) individual females confined with two males had begun laying eggs by the third day after emergence (average 73.5 6 8.2 h), with 84% by the fourth day, 87% by the fifth day, and 91% by the sixth day laying eggs (Fig. 2B) . The lifetime fecundity of 32 females maintained individually on cuttings was 51.7 6 5.9 eggs (range 11-141) per female. Within the first week after emergence, females typically deposited 63% (6 6%) of their total lifetime egg production (n ¼ 32). Females that survived at least 14 d had deposited 89% (6 4 %) of their eggs by that time (n ¼ 27). The average time from eclosion to final oviposition was 16.4 6 1.4 d (Fig. 2B) . Among 1,385 eggs examined, 70.5% were laid on leaf laminar surfaces (both abaxial and adaxial), 6.2% on leaf petioles, and 23.3% on stems. Across nine colonies (total of 148 females and 187 males produced) female fertility on Cape-ivy infested with 3 6 0.4 females per plant (range 2-6 per plant, /:? sex ratio 0.60 6 0.07) was 4.0 6 0.8 pupae and 3.4 6 0.6 adults per parent female. Sex ratio in the offspring was 0.79 60.09 /:? (range 0.50-1.33). The successful host range tests (4 females per Cape-ivy control) produced similar output levels (average 4.3 pupae per female).
At 25 C in a growth chamber, eggs required an average of 10.5 6 0.1 d to hatch, as indicated by the initiation of leaf mines (77 mines observed). Most (85%) mines were initiated by the 11th day after oviposition (Fig. 3) . Pupal formation was observed as early as 24 d after oviposition, but on average required 26.4 6 0.2 d, with 85% of larvae pupating by the 28th day ( Fig. 3 ; 73 pupae observed). Adult emergence began 37 d after oviposition, but typically occurred in 41.3 6 0.1 d, with 71% of adults emerging by the 42nd day after oviposition (56 adults observed; Fig. 3) .
The life cycle of D. delaireae required more time for completion under variable greenhouse conditions. Leaf mines indicative of egg eclosion were typically observed 14 d after initial infestation with adults. Leaf wilting or death, indicative of tunneling of larvae into petioles and stems, was visible by the fourth week after infestation. Pupae were found on pots and soil 25-30 d after first mine appearance. Adult emergence required 14 d after collection of pupae under lab conditions (adults eclosed from 86% of pupae). The total development time in the greenhouse was 54-60 d. A 60-day timeframe was thus used in host range tests.
Host Range. In 146 four-way choice tests, D. delaireae inflicted no larval damage and produced no pupae on any plant other than Cape ivy (Table 1) , on which an average of 17.1 6 5.0 pupae were collected (one plant per test). Table 1 shows the results for Cape-ivy and individual test plant species, while Table 2 shows a summary of numbers of test plant species examined in categories of relatedness to Cape-ivy and geographic occurrence. Within the subtribe Senecioninae of tribe Senecioneae, the list included nine test plant species native to Cape-ivy-invaded habitats in California and Oregon (Packera spp. and Senecio spp.). We also tested 12 nonnative ornamental or weedy plants in this subtribe, seven of which co-occur with Cape-ivy in California (three from South Africa), and a total of 15 subtribe members native to South Africa that do not occur in CONUS (Table 1) . Although closely related to Cape-ivy, C. rowleyanus and C. talinoides have succulent, fleshy globose or lanceolate leaves, differing greatly from leaves of Cape-ivy. One of the South African Senecio species tested, Senecio tamoides DC., known as canary creeper, is a Survival analysis of first and last oviposition, plotted as the probability of occurrence on or after the corresponding number of days since female eclosion. Dotted line shows 50% probability.
vine and is sometimes confused with Cape-ivy. Growth habits of the other subtribe Senecioninae members tested varied from small herbaceous annuals to large perennial shrubs. Five test species native to CONUS from the subtribe Tussiliganinae, contributed to the total of 42 tested species from the tribe Senecioneae, 27 of which occur in CONUS, including 20 in Capeivy-invaded areas (Tables 1 and 2) .
Among 36 species representing the 14 other tribes of the family Asteraceae that are present in CONUS, no damage or pupal production occurred (Tables 1 and 2) . Common native habitat associates of Cape-ivy along the California coast were tested, such as Achillea millefolium L., Artemisia californica Lessing, Baccharis pilularis DC., and Erigeron glaucus Ker-Gawler. Tested native and nonnative crops and ornamental plants in the Asteraceae included Carthamus tinctorius L., Helianthus annuus L., Cynara scolymus L., Calendula officinalis L., Tagetes erecta L., Cosmos bipinnatus A. J. Cavanilles (Cav.), and Zinnia violacea Cav.
Three members of the mint family Lamiaceae and six of the tobacco family Solanaceae were tested because of known or possible host use of these families by congeners of D. delaireae, but none of these nine plants were damaged (Tables 1 and 2 ). Twelve other species across nine plant orders that bear morphological and ecological similarity to Cape-ivy, or that are common crops in coastal California and Oregon, were also tested, and no damage was found (Table 1) .
In four no-choice tests on Senecio hydrophilus rosettes with 28 6 3 leaves, a median of 30% of leaves (0-69% lower-upper 95% confidence interval) had one or two mines 30 d after moth release. No pupal production occurred. Cape-ivy controls for the no-choice tests supported 55 6 17 progeny pupae per plant (7.2 6 1.6 pupae per female). In dual-choice tests, a median of 2.1% (0-11% C.I.) S. hydrophilus leaves had one or two mines. No leaf mines were found on Curio rowleyanus, C. talinoides, J. vulgaris, Packera breweri, or P. clevelandii in no-choice tests.
Discussion
Adult females of D. delaireae lived over two weeks on average but deposited 63% of their lifetime egg loads within the first week and 89% within two weeks of eclosion. The use of variable (0-7)-day-old females to initiate host range tests, and removal of females after one week (in ARC-PPRI tests) or 7-10 d (in USDA-ARS tests) of exposure to test plants thus provided adequate exposure for females to select test species other than Cape-ivy for oviposition. Adult age influences daily egg production in many moths, with an early peak followed by a linear or logarithmic decline (Willers et al. 1987, Tisdale and Sappington 2001) similar visually to the pattern found for D. delaireae. Fig. 3 . Duration of egg, larval, and pupal development of D. delaireae from an even-aged cohort of neonate larvae, determined with survival analyses as the probability that egg eclosion, pupal formation, and adult eclosion occurred on or after each corresponding day. Dotted line shows 50% probability. A: Plants native to the continental United States (CONUS) that occur in the same habitats as Cape-ivy (34 total). B: Other plant species native to CONUS (5 total). The sum of AþB represents all test plant species native to CONUS. C: Nonnative plants cultivated as crops or ornamentals in CONUS. Numbers in parentheses indicate number of test plant species that occur with Cape-ivy. D: Nonnative plants that are naturalized (in most cases invasive) in CONUS, parentheses as in C. The sum of A through D represents all test plant species that occur in CONUS. E: Plants native to South Africa that do not occur in CONUS (16 total). F: Plants introduced to South Africa that do not occur in CONUS (4 total). All: Sums across all test plant categories (total of 100 test plant species examined other than Cape-ivy).
The discrepancy between lifetime female fecundity of over 50 eggs and fertility of only three to four pupal or adult offspring per parent female could be explained by competition if leaf laminae in colony cages containing two to five females per plant were crowded. In colony cages containing three to four plants with a total of 60-120 leaves, leaf availability ranged from 12-60 leaves per female lifetime. The cylinders used to determine lifetime fecundity each contained cuttings (three to four leaves) that were replaced daily, exposing individual females (life span 16 d) to 48-64 leaves. Some of the efficacy tests reported by Reddy A.M. and C.N. Mehelis (unpublished data) and additional efficacy tests (C. N. M., P. J. M., and J. Herr, USDA-ARS, Albany, CA, unpublished) involved one or two females per whole plant. These tests resulted in an output of six to eight pupae per parent female, consistent with our no-choice test control cages involving 10 females on four plants. Female D. delaireae may detect and avoid leaves with eggs on overcrowded plants, as do other moths (Awmack and Leather 2002) . If so, this behavior could enhance field dispersal and establishment.
The faster (by 13-22 d) immature development time at constant 25 C growth chamber conditions compared with variable (15-30 C) greenhouse conditions was due to lower minimum temperatures in the greenhouse. Knowledge of the temperature dependency of time of development to adult emergence could be used to develop a mass-rearing system. Among the Acrolepiinae, developmental information of comparable detail is available only for a pest species, the leek moth Acrolepiopsis assectella (Zeller), which has five larval instars and completes two to three generations per year in Canada, three to five per year in France, and five to six per year in Italy (Ellis 2004 , Landry 2007 , suggesting similar temperature dependence in D. delaireae. A two-month life cycle most of the year with prolonged generation times under winter conditions is likely in coastal California climates (3.9-10.7 C average winter minimum, 16.5-24.0 C average summer maximum, 10.6-17.6 C average daily temperature; National Oceanic and Atmospheric Administration, National Climatic Data Center [NOAA-NCDC] 2013).
The four-way greenhouse host range testing results indicate that D. delaireae is host specific to Cape-ivy among 100 nontarget test species in terms of pupal production. The host range studies included substantial coverage of the subtribe Senecioninae (37 species), tribe Senecioneae (42 species), the family Asteraceae (78 species), known or potential hosts of congeners of D. delaireae (9 species), and taxonomically unrelated but ecologically similar plants of coastal riparian and upland habitats in California and nearby crops (12 species). The majority (70) of the 100 plants tested occur in Cape-ivy habitats in coastal California and Oregon, with 39 species native to the continental United States and 34 native to California. The testing of 41 nonnative CONUS ornamental, crop, or weedy species, 31 of which occur with Cape-ivy, was necessary to help define the moth's ecological host range. We tested 16 species found with Cape-ivy in South Africa that do not occur in North America, in addition to the six South African species found in CONUS as ornamentals. All but one of the 22 South African species tested are in subtribe Senecioninae. The need to test plants that occur as close relatives in the native but not the introduced range has been recognized in determining the fundamental host range of candidate agents (Balciunas and Coombs 2004 , Muller-Scharer and Schaffner 2008 , Fowler et al. 2012 . Larval transfers were not performed to determine the ability of larvae to independently perceive plants other than Cape-ivy as hosts. The leaf-mining and stem-boring larvae feed internally (occasionally emerging from one leaf and infesting another) and so have little opportunity to contact other plants. Host range tests of other lepidopteran as well as dipteran leaf miners used similar adult oviposition tests to infer the ability of larvae to feed on test plant species (Simelane 2002 , Madire et al 2011 , McKay et al 2012 , and this method is appropriate when the larvae cannot move off of the host plant on which they were deposited as eggs (Sheppard 1999) .
Twelve of 14 Digitivalva species for which host records are known (Landry 2007 ) feed only on a few plants in the Asteraceae, with the majority in the tribe Inuleae. A member of this tribe may have been the "ancestral host" (Madeira et al. 2008 ). We tested nonnative stinkwort (Dittrichia graveolens (L.) W. Greuter), the only member of this tribe that occurs in California, where stinkwort is an invasive weed (DiTomaso et al. 2013 , USDA-NRCS 2013 . The families Lamiaceae and Solanaceae contain hosts for congeneric moths (Landry 2007) , but none of the nine plant species tested from these families were damaged by D. delaireae.
In the four-way choice test design, volatile olfactory cues that might have attracted a moth to a single nontarget host could have been obscured by repellency cues from the three other nontarget plants, leading to false rejection (Marohasy 1998 , Hill 1999 , van Klinken 2000 , even though moths alighted on most test plant species. Tactile physical and contact chemical cues are likely equal if not more important in stimulating oviposition by D. delaireae than olfactory cues, based on studies of other moths (Ramaswamy 1988 , Frazier 1992 , Bernays and Chapman 1994 , Bernays et al. 2004 , Wheeler and Schaffner 2013 . In South Africa, D. delaireae was found at >35 sites on Cape-ivy but not on any of the 10 closely related, co-occurring Senecio, Mikaniopsis, and Cineraria species (Grobbelaar et al. 2003) , supporting the four-way choice test results.
Even in the absence of a choice, moth infestation did not lead to larval damage in two closely related Curio species. However, 30% of the leaves on native Senecio hydrophilus were damaged in no-choice tests and 2% in dual-choice tests. Evolutionary host shifts in phytophagous insects are most likely to involve plants that are both phylogenetically related and chemically similar (Futuyma and Agrawal 2009) . Pyrrolizidine alkaloids (PAs) in leaves and other tissues are diverse and prevalent in the Senecioneae (Langel et al. 2011) . They are potent toxins and deterrents to most insects and vertebrate herbivores (Macel 2011, Wiedenfeld and Edgar 2011) , but may attract specialist insects.
Cape-ivy contains PAs (Stelljes et al. 1991) and is unusual among subtribe Senecioninae species in containing PAs with a "triangularine type, triangularine group" structure and a platynecine or retronecine base (Langel et al. 2011 ). This combination of features is not found in any of 13 profiled Packera spp. or 33 Senecio spp. ("New World Senecio clade") native to North or South America. The list of profiled species includes 10 species tested for acceptability by D. delaireae, including members of the genera Curio, Jacobaea, Mikaniopsis, Packera, and Senecio. Two native species we tested, in the "Senecio integerrimus group" (Pelser et al. 2010 , Langel et al 2011 , specifically S. hydrophilus and Senecio triangularis W. Hooker, do contain these PA features, and also the more common "senecionine type, senecionine group" PAs present in Cape-ivy. Both were rejected as larval hosts in four-way choice tests. However, similarities in PA profiles may explain why adult oviposition and larval mining (but no stem boring or pupation) occurred on S. hydrophilus under no-choice and, to a much more limited extent, dual-choice conditions, if PAs play roles in stimulating oviposition, larval feeding, or both, by D. delaireae. Cape-ivy also contains "triangularine type, senampeline B group" PAs lacking in S. hydrophilus and S. triangularis (Langel et al 2011) . Other non-PA chemical components could be involved in oviposition and feeding (Bernays et al. 2004 , Kirk et al. 2012 . The no-choice and dual-choice test results verified the host specificity of D. delaireae to Cape-ivy in terms of development to pupation.
Native or adventive predator and parasite attack on nonnative biological weed control agents represents a source of risk in weed biocontrol (Holt and Hochberg 2001 , Pearson and Callaway 2005 , Wheeler and Schaffner 2013 . In South Africa, an unidentified parasitoid was collected at low rates (<10%) from shipments of D. delaireae moth pupae to the United States (C. Mehelis, L. van der Westhuizen, and P. Moran, unpublished data) . In California and Oregon, D. delaireae has no known "ecological analogues" (Paynter et al. 2010 ), defined as native or adventive insects in the same superfamily (Yponomeutoidea) that use the same feeding strategy (leaf-mining) and that feed on Cape-ivy. The moth genus Digitivalva has 44 species but only one, D. clarkei, is native to CONUS, found in the southeastern United States (Gaedike 1997 , Landry 2007 in areas where Cape-ivy does not occur (USDA-NRCS 2013) and that fall outside its temperature and rainfall limitations (Robison and DiTomaso 2010) . The subfamily Acrolepiinae within Glyphipterigidae has one member native to California, Acrolepiopsis californica Gaedike (also known as Acrolepiopsis lilivora Gaedike), which feeds externally on buds and young leaves of Lilium spp. (Liliaceae) and Disporum hookeri (Torr.) Nichols (Liliaceae) in coastal riparian sites (Landry 2007 ). The introduced onion or leek or garlic pest A. assectella is not from known California or Oregon (Ellis 2004) . The subfamily Glyphipteriginae, the sedge moths, includes 12 species in California (Heppner 1985 , Sohn et al. 2013 ), four of which may occur in coastal environments that contain Cape-ivy.
Several ichneumonids parasitize Glyphipterix spp. (Heppner 1985) , but little, overall, is known about the host-parasite relationships of glyphipterigid moths, or of the existence and biology of other moths in the Yponomeutoidea on plants that share Cape-ivy habitats.
Because of the ability of Cape-ivy to displace native plants from coastal habitats, the benefits of biocontrol will outweigh the risks of incidental damage to one Senecio species. The moth D. delaireae is expected to establish and increase its populations rapidly on Capeivy under field conditions in California, causing reductions in plant size and growth (Reddy A.M. and C.N. Mehelis, unpublished data) by decreasing stem and leaf survival.
